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Summary : 

Because of the indirect fundamental energy bandgap, silicon, the overwhelmingly 
dominant electronic material has not played a role in optoelectronic devices. Furthermore, 
unlike compound semiconductors such as GaAs, InP, etc., where lattice matched 
heterostructures are available for quantum devices such as superlattices and quantum wells, 
germanium is the only known material forming heterojunction with silicon. However, the 
structure is really not a silicon device because the carriers are confined in germanium, not in 
silicon. The lack of a direct energy bandgap may be overcome by quantum confinement in a 
nano-particle such as in porous silicon, PSi. [1] We have developed a scheme, IAG- 
Superlattice (Interface Adsorbed Gas) involving silicon nano-particles arranged in a 
multilayer structure separated by adsorbed oxygen. And the lack of a heterojunction may be 
overcome by a scheme using a monolayer of oxygen, in between epitaxially grown thin 
silicon layers, the Si/O Superlattice. [2] These possibilities were explored in this work 
supported by ONR. To a surprisingly large degree, both schemes - using nano-particles of 
silicon, and using monolayers of oxygen between adjacent silicon layers, are fruitful. The 
photoluminescence, PL, from the I AG Superlattice shows two peaks, located at 1.7eV and 
2.35eV. Both PL and EL ( electroluminescence ) devices have been achieved with the Si/O 
Superlattice operating continuously for over one year with stable light output. These results 
show that an all silicon light emitting device is at hand. 

IAG Superlattices 

Interface Adsorbed Gas Superlattices were fabricated with the following steps: 

(1) Deposition of amorphous silicon, a-Si, 5-20nm thick on quartz substrate at room 

temperature. 

(2) Introduction of oxygen adsorption followed by repeat of a-Si deposition. 

(3) Repeat the process until reaching the desired number of periods. 
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(4) Annealing at 800-950C in a mixture of oxygen, hydrogen and nitrogen. 

PL is measured with an Ar laser (457.9nm). There are two peaks: 1.7eV and 2.34eV. It 
was found that the 1.7eV peak originates from the interior portion of the silicon nano¬ 
particles, and the 2.34 eV peak originates from the outer surface region of the silicon nano¬ 
particles. [3,4,5] Figure 1 shows the typical spectra of a 9-period Si/IAG superlattice with 
period d = lOnm. The average size of the silicon nano-particles is 3nm determined by 
Raman scattering and TEM. The efficiency of our Si/IAG samples is comparable to porous 
silicon. It is worthy of note that PSi has insurmountable problems with poor morphology 
and mechanical robustness. Our samples are mechanically robust. EL is not as stable as our 
second scheme involving epitaxial layers of silicon separated by monolayers of adsorbed 
oxygen. For this reason, we have not pursued an EL device with the Si/IAG superlattice. In 
PSi, the PL spectrum consists of one part originating from the quantum confinement of 
silicon, and a blue component originating from the silicon oxygen complexes. The origin of 
emission in our case is very similar, even the spectrum is similar. 



Fig. 1 PL versus photon energy excited by the 457.9nm Ar laser line. (O 2 + H 2 ) indicates 
annealing in a N 2 atmosphere containing both oxygen and hydrogen. 


Si/O Superlattices 

Several years ago, it was proposed that silicon epitaxy may be possible beyond an 
adsorbed monolayer of oxygen. [2] Under this grant, we have first proceeded to fabricate a 
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multilayer structure with silicon MBE, epitaxially grown at relatively low temperature, 
followed by adsorption of oxygen at near room temperatures. It was found that epitaxy is 
indeed continued after exposure to oxygen. Figure 2 shows a typical high resolution TEM 
taken from Ref. [6] 



Fig.2 High resolution X-TEM (Middle arrow shows O/Si/O cluster) 


A structure involving two adsorbed oxygen with 1.1 nm of silicon in between shows a 
barrier height up to 0.5eV measured by the use of Arrhenius plot of the tunneling current at a 
range of applied voltages.[4,7]. Results show that the barrier height is basically given by the 
lowest quantum well state of the double barrier structure. [8] In this case the 1.1 nm silicon is 
the quantum well and the adsorbed oxygen monolayers on both sides constitute a double 
barrier structure. We shall discuss the effective barrier height of the silicon-oxygen complex 
later in this report. 

The measured PI and EL spectra are shown in Fig.3. [9,10] For EL, a partially 
transparent thin gold contact is used. We have tested several device with 4-periods and 9- 
periods. The actual photograph of the EL device is shown in Fig.4. [9,11] It is not possible to 
show the actual PL device because the laser light overwhelms the photoluminescence. We have 
tested an EL device continously for over one year. Not only that the output is stable, the 
voltage needed to maintain the output is reduced from -10.4V voltage to -6.8V volts indicating 
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that some sort of annealing has taken place which reduced some non-recombination 
defect centers. 



Energy (eV) 


Fig. 3 The EL and PL spectra measured at room temperature of (a) sample 
1 at reverse bias V=14 V, and (b) sample 2 at reverse bias V=20 V. 
The applied voltage includes the voltage drop over the substrate. 
The EL extends beyond the 457.9nm Ar laser line, used for the 
excitation of PL 



Fig. 4 EL of a 9-period Si/O with partial transparent Au for electrode, 0.5 x 1.2mm. The 
dark area is caused by the contact wire vignetting part of the Au electrode. 





What is the injection mechanism resulting in. e-h recombination? Without a pn-junction 
for double injection, a front Schottky junction between the silicon and Au contact is used 
to inject the electrons into the superlattice structure and the deep depletion formed in the 
silicon substrate. The hot electrons produce eh-pairs in the deep depletion region of the 
substrate. The holes move up and are trapped in the superlattice region for recombination. 
[10,13] 

Preliminary results from tight binding calculation gives the barrier height of leV 
between oxygen atoms and silicon on both sides. The measured value is only 0.5eV. 
Since measurements involve both height and width of the barrier, which is only one 
atomic distance, we consider the agreement is very fair. 



Fig. 5 Band profile of the c-Si/O superlattice EL device under reverse bias. 
Electrons undergo avalanche multiplication providing holes for 
recombination with light emission. 

Conclusions 

The overall efficiency has been estimated to be somewhat higher than 
PSi. We know that PSi has an efficiency much below that of good 
semiconductor LEDs such as GaP. Remember silicon normally does not emit 
light at all. Besides all PSi can offer is leading researcher to look for other 
schemes with silicon. In this spirit, we are certainly stimulated by the first 
report of PL in the visible from PSi.[l]. Before we make a summary 
statement of our work, we like to point out that superlattices involving a-Si 
separated by oxides also work well. [14] However, a stable EL device is yet to 
be seen in this a-Si superlattice structure. It appears that the origin of light 
may very well be from the silicon oxygen complexes. Most of us are educated 
by the old schools that only bulk effects are worthy of note for any reliable 
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device. The art and technology of material science and fabrication techniques 
have come a long way in the recent decade. We can indeed control the 
interfaces. Therefore there is no reason why interfaces should be discarded 
from serious consideration for applications. In fact, as device size shrinks, 
interfaces may very well be the trend of the future devices! 
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